T he amount of severity of atherosclerosis in the coronary bed shows a positive correlation with the degree of atherosclerosis in the aorta or other major arterial branches.1-5 Atherosclerotic changes in arterial wall have been shown to include smooth muscle cell proliferation, deposition of lipid, and accumulation of collagen, elastin, and proteoglycans.6,7 Changes in the ratio of collagen to elastin have been known to structurally affect the elastic behavior of arterial walls. The former is much stiffer than the latter, the elastic modulus (Young's modulus) being about 1,000x 106 dynes/ cm' at 100% elongation in collagen and only 3 x 106 dynes/cm2 in elastin.8,9 However, conflicting results
T he amount of severity of atherosclerosis in the coronary bed shows a positive correlation with the degree of atherosclerosis in the aorta or other major arterial branches.1-5 Atherosclerotic changes in arterial wall have been shown to include smooth muscle cell proliferation, deposi-have been reported in the literature concerning the arterial wall stiffness in atherosclerosis.
Quantitative information on the elastic properties of the large arteries can be obtained by means of concomitant determinations of pressure and arterial diameter. Intensive investigations have been continued to assess the state and function of large arteries noninvasively for early detection of atherosclerotic damage of these vessels.10"'1 Functional changes in arterial stiffness have been investigated by pulse wave velocity or by ultrasonically measured pulsatile arterial diameter changes.10-14 However, these measures have inherent limitations for clinical application because of their dependence on arterial pressure or susceptibility of peripheral muscular arteries to the measuring environment.
Recently, we developed an ultrasonic phaselocked echo-tracking system that allows transcutaneous measurement of the arterial caliber and showed that the stiffness indexes can be calculated noninvasively from the relation between systemic blood pressure and arterial diameter.15 In the pres- Figure 1 . The central frequency of the ultrasonic probe used in this method was selected to be either 3.5, 5.0, or 7.5 MHz according to the acoustic condition of the individual arteries. Then, brachial arterial pressure was measured by the conventional cuff method, using a linear, wide-band pressure transducer fixed under the cuff (US Patent No. 4144879) (Figure 2 ). This indirect blood pressure differed by only 4 mm Hg from direct arterial blood pressure. 15 Hayashi et al19'20 analyzed static behaviors of arterial walls through changes in external radii due to distending pressure. Stress-strain relation was then determined from their pressure-diameter data by using the finite deformation theory. From this analysis and their experimental data, they assumed that a simple exponential relation exists between the relative pressure and the distension ratio.
According to the experimentally obtained relations between the intraluminal pressures and the external radii, they defined the distension ratio (A) as the arterial diameter (Dx) at a given pressure (Px), normalized by the diameter (Do) at a standard pressure (Po). When the distension ratio was plotted against the logarithmic value of the relative pressure (Px/Po, a given pressure normalized by standard pressure of 100 mm Hg), a linear relation was observed in the physiologic range of pressure. This relation is expressed as:
InPX=13(A- 1) In P(Dx-Do) ( (11) where AP is pulse pressure, AR is pulsatile radius, and R is diastolic radius. Instead, we used Ps, Pd, Ds, and Dd to give:
Ps-Pd PDs-Dd (12) To show the independence of the stiffness index from pressure, the arterial stiffness was measured in eight patients with myocardial infarction in whom nitroprusside was administrated intravenously at a rate of 0.5-2.0 ,ug/kg/min. Systolic and diastolic arterial pressures decreased from 149±6 to 114±8 mm Hg (mean±SD) and from 75±+14 to 65±+10 mm Hg, respectively. To compare the characteristics of stiffness index 13 and Ep, each value was normalized by the mean values as shown in Figure 3 . The stiffness index was almost constant and not influenced by changes in systolic pressure. On the contrary, Ep decreased linearly along with the reduction in the arterial systolic pressure. Thus, the stiffness index provides reliable measure of elasticity because it is independent of arterial pressure.
G 60 FIGURE 2. Tracings ofautomatic measurement ofblood pressure by waveforms of the external brachial pulse recorded using wide-band pressure transducer. As the pressure of the cuff is lowered from waveform A to waveform G, the blood flow of brachial artery increases.
In waveform A, the left-hand pulse (1) is the cuffpressure above systolic pressure. In the right-hand pulse, a negative gap (2) appears in its rise-up portion corresponding to the peak systolic pressure. In waveform C, there are two negative gaps in each pulse waveform, a second gap (3) being assumed to be a reflection from the peripheral arteriole. Pressure at the disappearance ofthe initial gap indicates the diastolic pressure that corresponds to the point at which the compressed vessel again opens (4 There were no significant changes in arterial pressure among the five groups. In both abdominal patients did it remain inside. All patients with twoor three-vessel disease, in particular, had the arterial stiffness of abdominal aorta higher than the 95% confidence limits of the normal data ( Figure 4 ). The proportion of abnormal subjects who exceed the nomogram in each group was increased with the extent of coronary artery disease ( Pressure-Strain Elastic Modulus Ep in both abdominal aorta and common carotid artery is shown in Figure 7 . Ep was increased with the extent of coronary artery disease but only in those with three-vessel disease; values in both arteries reached a statistical significance (p<0.05).
Discussion
In the present study, we observed a decrease in arterial distensibility of abdominal aorta and carotid arteries noninvasively by means of ultrasonic technique in patients with coronary artery disease. The stiffness index ,B is the slope of the exponential function between the relative arterial pressure and the distention ratio of artery (the arterial diameter at a given pressure). 15,19'20 This index characterizes the entire deformation behavior of the vascular wall, being independent of the intraluminal pressure within the physiologic range. Because elasticity of the arterial wall decreases with age, it is necessary to exclude differences related to age. In the previous study,15 we demonstrated the age-related changes in values of major branches of the human arteries. An increase in stiffness of arteries with advancing age has been related to the structural and anatomic changes such as increased ratio of collagen to elastin, qualitative deficiency of the wall elements, or augmented relative wall thickness due to increases in caliber and wall thickness. 23 We constructed the nomogram to express the effect of natural aging process on this stiffness index of carotid artery and abdominal aorta by the data from the normal subjects. Stiffness of these two arteries was more elevated than expected from their age in those patients with more extensive coronary artery disease, indicating acceleration of the atherosclerotic process.
Few data on the elastic properties of the human common carotid artery have been published. Arndt and colleagues24 measured the pulsatile changes in diameter of the carotid artery with use of the ultrasonic echo technique. Ep calculated from their data of nine subjects was 0.46x 106 dynes* cm-2 (in 23-34-year-old subjects). Mean Ep value of the common carotid artery of normal control subjects Common carotid arterY * P<0.05 6 . Bar graphs of arterial stiffness of abdominal aorta and common carotid artery in * each group. N, normal control subjects; 0-ED, no significant coronary stenosis; 1-VD, 2-VD, and 3-VD, one-, two-, and three-vessel disease, respectively; bars, SD. *Significant difference from normal control (p<0. 05).
-VD (42-80-year-old subjects) in our study was 1.21 x 106 dynes * cm-2, which is considerably higher than the data obtained by Arndt et al. Although this difference may partly be due to the small number of subjects, the age-related changes on arterial elastic properties from the natural aging process appears to be largely responsible. In the present study, Ep was also increased along with the extent of coronary artery disease. However, standard deviation of Ep in both carotid arteries and abdominal aorta was larger than that of ,B values, especially in patients with three-vessel disease. Coefficient of variation of Ep in abdominal aorta was 0.32, whereas its ,3 value was 0.19. The difference between the two values was also the same for carotid artery. The Ep values in patients with two-vessel disease was not significantly augmented. Therefore, the stiffness index we used may provide more reliable information on pathological process of atherosclerosis.
Roberts et a17 reported that atherosclerotic plaques were present diffusely in the coronary artery disease of all adult necropsied patients whether with or without symptomatic ischemic heart disease, and similar complicated atherosclerotic plaques were present in the aorta as well. An international cooperative study of distribution of coronary and aortic atherosclerosis in autopsied persons also showed that the different arterial segments develop similar degrees of atherosclerosis, the correlation coefficients of the rankings of location-race groups between segments of the coronary arteries and abdominal aorta being 0.85 or greater.2 Though it is impractical to noninvasively assess distensibility of coronary arteries, the measurement of mechanical properties of other major arteries will provide sufficiently accurate information on the sclerotic changes in coronary arteries. Stephanadis et a125 measured aortic diameter by angiographic techniques and calculated aortic distensibility as the ratio of changes of aortic diameter to the product of changes of the aortic pressure and those of the diastolic aortic diameter. They demonstrated that patients with coronary artery disease had markedly lower aortic distensibility than normal subjects at Because uncomplicated atherosclerosis seldom accompanies symptoms and brings on death, morphologic studies to prove a clear relation between the measured parameters and actual extent and severity of atherosclerosis is difficult. A nonhuman primate model of atherosclerosis has been used so that changes in arterial elasticity could be related to the actual morphologic changes. Farrar et a114 documented increased arterial stiffness in thoracic and abdominal aorta in cynomolgus monkeys fed an atherogenic diet compared with those fed a normal diet in terms of an increased pulse wave velocity. These changes were proportional to morphometric changes of gradual increases in intimal to medial cross-sectional area, the fraction of the intimal elastin lamina being covered with atherosclerotic lesions. It has also been shown by Cox et a126 in studies on dietary atherosclerosis in racing greyhounds that arteries from these atherosclerotic animals were stiffer compared with those from control animals during passive conditions as evidenced by the leftward shift of the stress-strain curves. These changes in stiffness were greater in the iliacs than in the carotids and closely correlated with changes in gross morphology of the intima of these segments. All of these data support the view that markedly decreased aortic distensibility may suggest more advanced atherosclerosis. Our observation of the higher prevalence of coronary artery sclerosis in those with more decreased distensibility of abdominal aorta and carotid arteries is consistent with previous observations. We observed that abdominal aorta is particularly sensitive in differentiating patients with coronary artery disease from the normal subjects. This artery is known to be generally involved much earlier and more intensively in the atherosclerotic process than the other arteries27; this is presumably related to the susceptibility of nutritional deficiency due to lack of penetrating vasa vasorum and its disposition for continuous exposure to unusual physical stress. 28 We have used an ultrasonic phase-locked echotracking system that allows reliable measurement of pulsatile changes in arterial diameter. Earlier instrumentation permitted arterial wall motion to be measured transcutaneously with an amplitude-tracking method.24 But this method was easily subjected to the instability of amplitude and shape of echo signal due to arterial wall motion, artifact from the adjacent tissue, or technical fault to direct the ultrasonic perpendicular to the arterial wall. To eliminate these difficulties, a new phase-locked loop-tracking method was developed.'1829 Our method was designed with the aid of control theory to ensure sufficient linearity, dynamic range, and tracking speed, even when the signal-to-noise ratio of the original signal is not high. Thus, this system allows accurate determinations of diameter change by sufficiently stable tracking of the echo signals.
Conclusion
Our new method provides noninvasively sufficiently reliable information on the atherosclerotic damage of large arteries. Our study emphasized the importance of an aortic distensibility as a prognostic indicator of extent of coronary artery disease. The serial noninvasive evaluation of the arterial stiffness allows the early detection of pathologic acceleration of the aging process and may be useful for prevention of coronary artery disease, which constitutes a major atherosclerotic complication.
